Introduction
The continuous search for stable solid-state electrolytes applicable towards Li-ion and Na-ion batteries has fueled research on desirable new fast-ion conductors based on complex hydrides [1] [2] [3] . For example, earlier electrical conductivity studies of LiBH 4 performed by Matsuo et al. showed a threefold increase in Li + conductivity to values exceeding 10 À3 S cm À1 following the orthorhombic (Pnma) to hexagonal ðP6 3 mcÞ phase transition near 390 K [4, 5] . More recently, Udovic et al. investigated the structural and conductive properties of sodium dodecahydro-closo-dodecaborate (Na 2 B 12 H 12 ) [6] . This compound displayed superionic conductivity of more than 0.1 S cm À1 above 540 K, upon transforming from the room-temperature ordered monoclinic ðP2 1 =nÞ to the high-temperature disordered cubic phases (Pm 3n and Im 3m) near 529 K [6] [7] [8] [9] [10] . The sudden enhancement in ionic conductivity within this borohydride material coincides with the appearance of a cationvacancy-rich sublattice within spacious interstitial corridors formed by the unusually large and orientationally mobile icosahedral B 12 H 12 2À anions [7, 8] . Such less restrictive pathways enable more facile cation diffusional jumps [9, 10] . Li 2 B 12 H 12 was also observed to undergo an order-disorder phase transition near 615 K from a pseudo-fcc (Pa 3) lattice to an expanded fcc lattice with extensive cation and anion disorder [8, 11, 12] , but slow compound degradation once in the disordered phase hindered the measurement of probable superionic behavior.
Since there is a correlation between the solid-state phase transition temperature and conductivity in these systems, the onset of superionicity can be potentially lowered by minor alterations in the cations and anions. From a practical viewpoint, it is desirable that potential solid electrolytes incorporated into future battery technologies should possess fast-ion conductive behavior at or below room temperature. Herein we explore the effect of anionic or cationic modifications of Na 2 and dry white powders were obtained. Subsequent dry-sample manipulations were performed in a He-filled glovebox. DSC measurements with simultaneous thermogravimetric analysis (TGA) were performed on all samples using a Netzsch (STA449 F1 Jupiter) TGA-DSC under He flow with Al or Al 2 O 3 sample pans and temperature ramp rates between ±10 and 20 K/min. X-ray powder diffraction (XRPD) data were collected on a Rigaku Ultima III X-ray diffractometer coupled with a Cu Ka source on the dry Li y Na 2Ày B 12 H 12 samples sealed in 0.7 mm glass capillaries over 24 h at room temperature in the 2h range of 10-60°with a step size of 0.02°. All structural Rietveld refinement analyses were performed using the Fullprof Suite software package [14, 15] . The structures were visualized using the VESTA (Visualization for Electronic and Structural Analysis) software [16] . A neutron vibrational spectrum of LiNaB 12 H 12 was measured at 4 K using the BT-4 Filter-Analyzer Neutron Spectrometer [17] at the NIST Center for Neutron Research with the Cu(2 2 0) monochromator and both pre-and postmonochromator horizontal collimations of 20 0 of arc. All error bars in the figures represent ±1r. Where no error bars are shown, the standard uncertainties are commensurate with the observed scatter in the data.
Results and discussions

Anionic modifications
The DSC scans of the Na 2 B 12 X 12 (X = Cl and I) samples are compared with that for Na 2 B 12 H 12 in Fig. 1 . A reversible phase transition is observed for both compounds, with endothermic peaks on [11] . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) heating and exothermic peaks on cooling. However, the changes in both compounds occur at higher temperatures as compared to Na 2-B 12 H 12 [8] . There appears to be a correlation between the anion radius and the transition temperatures on both heating and cooling, with the larger anions resulting in higher transition temperatures. This suggests that the transition temperature may increase with decreasing cation/anion size ratio. This was seen to be the case for the heavier isotypical A 2 B 12 H 12 (A = K, Rb, and Cs) compounds where the order-disorder transition temperature was found to decrease with increasing cation radius (i.e. increasing cation/anion size ratio) [19] . Likewise, it was observed for the series of alkali-metal tetrahydroborates ABH 4 (A = Li, Na, K, Rb, and Cs), where again the increase in cation radius was found to lower the order-disorder phase transition temperature [20] . This is somewhat at odds, however, with the scattered order-disorder transition temperatures observed for the Cs 2 B 12 H 12 [21] and Cs 2 B 12 X 12 (X = Cl, Br, and I) [22] 
Cationic modifications
The PXRD refinement results for the dry Li y Na 2Ày B 12 H 12 (y = 0.67, 1, and 1.33) samples are shown in Fig. 2 . The structural refinement data for these phases are summarized in Table 2 . During the Rietveld refinement for all three compounds, the Li and Na occupations on the 8c Wyckoff site were allowed to vary, and the results are close to that of the starting synthesis stoichiometry of Li and Na (cf. Table 2 ). As a visual example, the structural projection of the cubic ðPa 3Þ Li 0.67 Na 1.33 B 12 H 12 unit cell along the [1 0 0] direction is shown in Fig. 3 , with an approximate Li (cyan) to Na (yellow) ratio of 1:2.
The 4 K neutron vibrational spectrum for LiNaB 12 H 12 is compared with those for Li 2 B 12 H 12 and Na 2 B 12 H 12 in Fig. 4 . Previous first-principles phonon calculations of the alkali and alkaline-earth dodecahydro-closo-dodecaborate compounds confirm that the vibrational spectrum is noticeably sensitive to the cation and anion structural arrangements [24] . Aside from minor differences, the LiNaB 12 H 12 spectrum is rather similar to that for Li 2 B 12 H 12 , which is consistent with the Pa 3 structural symmetry determined by diffraction.
The DSC characterization results for the dry Li y Na 2Ày B 12 H 12 samples are shown in Fig. 5 . Similar to the starting individual pure phases of Li 2 B 12 H 12 and Na 2 B 12 H 12 [8] , a reversible phase transition is observed for all three compounds, with endothermic peaks on 
Occ. Site Li1 0.3649 (7) 0.3649 (7) 0.3649 (7) 5.6(7) 0.47(4) 8c Na1 0.3649 (7) 0.3649 (7) 0.3649 (7) 5.6(7) 0.53 (4) 
Conclusion
Na 2 B 12 X 12 (X = Cl and I) perhalogenated closo-dodecaborate phases were characterized by DSC, showing reversible solid-state phase transitions, with temperatures shifted to higher values for larger anions. From these results, we conclude that any modifications involving larger anion substitutions push the transition temperature in an undesirable direction, and future efforts will focus on substituting smaller anions into the structure. Structural characterizations are currently underway to understand the low-temperature and high-temperature phases for both halogenated compounds, and prospective electrochemical studies are also planned.
Cationic substitution via the mixing of Li 2 B 12 H 12 and Na 2 B 12 H 12 salts in different ratios yielded mixed-alkali solid solutions. From Rietveld model refinements of the PXRD data, the dodecahydrocloso-dodecaborate phases crystallized in the same Pa 3 cubic space group (as Li 2 B 12 H 12 ), with larger unit cell parameters for larger Na/ Li ratios. Qualitative analysis of the neutron vibrational spectra shows similarities between the LiNaB 12 H 12 and Li 2 B 12 H 12 phases. DSC showed the phase transition temperatures to be within the range set by the two starting pure phases, Li 2 B 12 H 12 and Na 2 B 12 H 12 . This is consistent with the observed correlations to date between order-disorder phase transition temperature and cation/anion size ratio. Although these modifications result in higher transition temperatures than for pure Na 2 [8] . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
